This project aims at assessing the feasibility of the CO 2 -DISSOLVED concept, combining injection of dissolved CO 2 and recovery of the geothermal heat. The objective here was to identify and to quantify the thermo-hydro-geochemical processes induced by a massive injection of dissolved CO 2 into a carbonated aquifer and a clastic reservoir. For that purpose, several simulations were performed using the MARTHE-PHREEQC and MARTHE-REACT reactive transport codes. Simulation results corroborate the expected great reactivity of the carbonated reservoir under the injection of CO 2 -rich brine. Numerical results provide new arguments confirming the feasibility of the CO 2 -DISSOLVED approach.
Introduction
This research was conducted in the framework of the CO 2 -DISSOLVED project [1] co-funded by the ANR (French National Research Agency). This project aims at assessing the feasibility of a novel CO 2 injection strategy in deep saline aquifers, combining injection of dissolved CO 2 (rather than supercritical CO 2 ) and recovery of the geothermal heat from the extracted brine [2] . This approach relies on the geothermal doublet technology, where the warm water is extracted at a production well and re-injected as cooled water, after heat extraction, in the same aquifer via a second well (injection well). The CO 2 -DISSOLVED project combines several objectives including renewable energy production, greenhouse gas reduction, and the assessment of a novel, low-cost capture and storage method. Further, the proposed use of dissolved CO 2 versus injection in a supercritical phase offers substantial benefits in terms of lower brine displacement risks, lower CO 2 escape risks, and the potential for more rapid mineralization.
The objective of the work presented here was to identify and to quantify the Thermo-Hydro-geoChemical (THC) processes induced by a massive injection of dissolved CO 2 into (1) a carbonated aquifer (Dogger of the Paris basin -1,500 to 2,000 m deep -70°C) and (2) a clastic reservoir (Triassic sandstones of the Paris basin -2,000 to 2,500 m deep -90°C), and to evaluate their possible consequences on the feasibility of the CO 2 -DISSOLVED concept. The space scale investigated ranged from the near-well zone area (a few meters) to the site scale (a few kilometers). A 30 years CO 2 injection period was simulated (operational lifetime of the geothermal doublet commonly met in the Paris basin). Though generic cases, both carbonated and clastic reservoirs were tested. For that purpose, several simulations were performed with MARTHE-REACT [3, 4] and MARTHE-PHREEQC [5, 6] 
Thermodynamic database and kinetic parameters

THERMODDEM
The THERMODDEM thermodynamic database [7] (http://thermoddem.brgm.fr/) was used for the simulations performed on the clastic and carbonated reservoirs. This database is available in different formats: PHREEQC, TOUGHREACT, CRUNCH, Geochemical workbench and CHESS (geochemical module used by HYTEC).
Reaction rates and kinetic parameters
It is widely known that mineral dissolution rates depend on several kinetic parameters. Generally, the effects that physical and chemical parameters exert on mineral weathering rates (temperature, pH, catalysis/inhibition by aqueous species and solution saturation state) are incorporated in a general form of mineral dissolution. TST (Transition State Theory) kinetic laws are included in most geochemical codes. Dissolution/precipitation rates of a mineral (m) at different pH values and constant temperature are given by [8, 9] :
Note that parameters θ and η must be determined experimentally in order to describe the rate dependency on the saturation ratio. However, these parameters are only rarely found for mineral dissolution, because reactions are usually studied far from equilibrium. (2) Whatever the considered case (carbonated or clastic reservoirs), dissolution/precipitation reactions of primary phases were controlled by kinetic laws. The kinetic parameters were extracted from a literature review [11] . The precipitation of secondary minerals was processed at local equilibrium. Their resulting precipitation rates are controlled by evolution of the activities of aqueous species in pore water provided by the dissolution of the primary phases (kinetically controlled) and mass transport.
Input parameters and modelling assumptions
The parameters used for the simulations were defined using the data available in the literature and are summarized in table 1. Two mineralogical assemblages were assumed as representative for the carbonated and clastic reservoirs (table 2). In both cases a porosity of 15 % was considered. Equilibrated pore waters with respect to carbonated and clastic reservoirs are reported in table 3. The pore water of the carbonated limestone was calculated used PHREEQC considering a low salinity of the aquifer (i.e. NaCl = 5
10
-4 M); the solution chemistry is characteristic of Dogger pore water extracted from Coulommiers well (see [12] for more details). In contrast, the ionic strength of the pore water of the Triassic sandstone was assumed to be higher (i.e. NaCl 5 10 -1 M). Note that the ionic strength of the Triassic pore water was about 0.5 and therefore, the extended Debye-Hückel activity model remains valid. The injected cooled down water composition is given in table 4. A CO 2 concentration of 1 M has been considered. The fluid is supposed in equilibrium at 40 °C with calcite, dolomite and quartz whatever the considered case (clastic or carbonated reservoirs). The resulting ionic strength was about 0.5. 
Coupled THC simulations performed at the injection well scale
Conceptual model
A 2D radial geometry was considered to finely investigate the phenomena involved around the injection well without being high CPU time consuming (< 1 day). Model was developed with this 2D geometry to be representative of each reservoir studied. Note that, for clarity reasons, only modelling dealing with the carbonated reservoir are presented in this section. Coupled THC simulations of the clastic reservoir are tackled in section 5. Carbonated reservoir was approximated as a horizontal porous layer with homogeneous hydraulic, chemical and thermal properties. In order to take into account more accurately the heat exchange processes, the reservoir was assumed to be surrounded by both an upper and a lower horizontal impermeable layers of known thermal properties (Fig. 1) . The models thus account for thermal, hydraulic and chemical processes involved during the CO 2 injection. 
Results obtained for the carbonated reservoir after 30 years of cooled and acidified water injection
Simulation was performed using with a time-step of 1 month/100. The results obtained with MARTHE-REACT and MARTHE-PHREEQC are reported in the Fig. 2 . Numerical results after 30 years of cooled and acidified water injection showed: a decrease of the water temperature (up to 40°C) in the first 500 meters around the injection well; a strong acidification of the pore-water (up to 4.3) in the near field of the injection well; an increase of porosity (up to 97.5%) in the near-injection well area (up to 30 meters) due to the massive dissolution of carbonates (calcite and dolomite). In details, calcite and dolomite present, respectively, in the first 30 and 300 meters around the injection well are totally dissolved after 30 years of water injection; an insignificant quartz dissolution around the injection well. Thus, it appeared that the geothermal exploitation of the Dogger reservoir (in place since the early 70's in the Paris basin) induces geochemical reactions that can already have an impact on porosity.
Results obtained with MARTHE-REACT and MARTHE-PHREEQC are very similar demonstrating the robustness of the codes. Slight differences could be attributed to ionic activity models. PHREEQC considers hydrated radius a 0 parameters for the extended Debye-Hückel activity-composition model. REACT uses a different version of the extended Debye-Hückel model, after Helgeson and co-workers [13] . Moreover, the two codes do not use the same polynomial equation for the temperature dependence of equilibrium-constant calculations.
Coupled THC simulations performed at the doublet scale
Conceptual model
As MARTHE-REACT and MARTHE-PHREEQC gave similar results (see section 4.2), only results obtained with MARTHE-PHREEQC are illustrated in this paragraph for clarity reasons. A pseudo-3D multilayer geometry focused on the doublet area was considered to simulate the injection at the well scale (Fig. 3) . Two models (one for carbonated limestone and another one for the Triassic sandstone) were developed with this pseudo-3D geometry to be representative of each of the reservoir studied. Both are based on homogeneous hydraulic, chemical and thermal properties. The horizontal dimensions of the domain are 10 x 5 km in x, y using a symmetry at y = 0. The domain is divided in rectangular cells of 100 x 100 m, with a horizontal refinement of 25 x 25 m in the vicinity of the wells. The layer thickness is 25 and 20 m, which is representative of the cumulated average thickness of the productive layers in the clastic and in the carbonated reservoirs, respectively. Heat conduction in base and cap-rock is solved in z direction using a semi-analytical solution developed by Vinsome and Westerfeld [14] , included in MARTHE, added to the 3D numerical simulation of heat transport (conduction plus advection) in the reservoir layer. The symmetry used along the doublet axis allowed us to reduce the model meshing (147 056 cells) and benefits long-lasting simulations.
Results obtained for the carbonated reservoir after 30 years of cooled and acidified water injection
Simulation was performed using with a time-step of 1 month/10. The temperature profile calculated after 30 years of cooled-water injection is reported on Fig. 4a . The temperature profile is slightly asymmetrical due to the existence of a flux between the injection and the production wells (noted as i and p on Fig. 4) . Even after 30 years of injection of cooled water, the temperature remains at 70 °C around the production well. Therefore, the design of the geothermal device appears to be efficient for the geothermal production. The pH profile obtained after 30 years of cooled-water injection is reported on Fig. 4b . As expected, the injection of a fluid saturated in CO 2 decreases the pH around the injection well.
Calcite, dolomite and quartz profiles (i.e. primary minerals) are reported on Fig. 4d , e and f, respectively. Calcite is partially altered in cells located around the injection well (40 % of calcite dissolution). In contrast, due to its weak content inside the Dogger formation (table 2), a total dissolution of dolomite is observed around the injection well (up to 200 m around the injection well after 30 years of cooled-water injection, see Fig. 4e ). A carefully examination of numerical indicates a carbonate dissolution at the production well. This area is a mixing zone of two contrasted waters. The first one coming from the injection well contains about 1 M of dissolved CO 2 and is equilibrated at 70 °C with the Dogger mineralogy (i.e., with respect to calcite, dolomite and quartz). The second one is the pore water of the carbonated formation and therefore is also equilibrated at 70 °C with the primary minerals but is characterized by a weakest CO 2 content. Table 5 presents the saturation index (SI) of calcite, dolomite and quartz resulting from such mixing (simple batch calculations using PHREEQC and the THERMODDEM database). Results indicate that, even if these two waters are initially in equilibrium with carbonates, the resulting mixing is systematically under-saturated with respect to calcite and dolomite (SI calcite < 0 and SI dolomite < 0). Carbonates are therefore dissolved in the near field of the production well. In contrast, as the quartz solubility is constant for pH ranging from 0 to 8, the mineral remains in equilibrium (SI quartz = 0). Due to its low solubility in acidic conditions, the amount of quartz remains almost constant even after 30 years of cooled-water injection (Fig. 4f) . Note that color map has not been optimized and color variations are not significant. Hydromagnesite (Mg 5 (CO 3 ) 4 (OH) 2 :4H 2 O) has been considered as a potential secondary phase. The phase has been considered rather than magnesite (another Mg-carbonate); the latter is formed at temperatures higher than 60-80 °C (see [15] for a detailed discussion). However, numerical results indicate that the hydromagnesite formation is unlikely in our conditions (pH, temperature etc.). The porosity evolution resulting from mineralogical modification is reported on Fig. 4c . An increase of porosity up to 50 % is observed at the injection well due to carbonates dissolutions (i.e. calcite and dolomite alterations).
Another key point concerns the localization of the bubble point that could possibly be reached within the aquifer at the vicinity of the depressurized area around the production well [16, 17] . Of course, the possible apparition of a gas phase has to be avoided for obvious safety reasons (this will be part of the sensitivity analysis performed in this subtask). Multiphase transport modeling with dissolution cannot be performed with MARTHE. Nevertheless, the (P,T,salinity) conditions and C(4) concentrations (Fig. 5 ) encountered in the reservoirs and the related CO 2 solubility were closely examined. The CO 2 gas formation appears to be unlikely. 
Results obtained for the clastic reservoir after 30 years of cooled and acidified water injection
Simulation was performed using with a time-step of 1 month/10. The temperature profile simulated after 30 years of cooled and acidified water injection inside the Triassic formation is reported on Fig. 6a . The temperature remains at a constant value of 90 °C at the production well. Therefore, the design of the geothermal device applied to the clastic reservoir is also efficient. The distance between the production and the injection well (2,500 m) could be twice reduced considering an operating period of 30 years. The pH profile obtained after 30 years of cooled and acidified water injection inside the Trias formation has been reported on Fig. 6b . Again, as expected, the injection of CO 2 -rich water (table 4) decreases the pH around the injection well. Nonetheless, the pH perturbation presents a greater extends than the one observed in the case of a carbonated limestone.
K-felspar and quartz (Fig. 6d) , the main minerals of the clastic reservoir (table 3) , appears to be weakly altered even after 30 years of cooled and acidified water injection. Note that color maps have not been optimized and variations are almost insignificants. The dolomite profile is reported on Fig. 6e . The carbonate appears to be totally dissolved around the injection well. Due to a mixing between the Triassic pore water and the injected fluid, a weak dissolution is also observed at the production well. As shown on Fig. 6c , carbonate dissolution increases the porosity in both the area around the injection and the production wells. Note that due to the weak dolomite content inside the clasti reservoir, the porosity change remains limited (i.e. < 0.2).
Illite, kaolinite, gibbsite and hydromagnesite were considered as potential secondary minerals. Numerical results indicate that gibbsite and hydromagnesite precipitations are unlikely. In contrast, illite and kaolinate may precipitate from released elements due to the weak quartz and K-felspar alterations (Fig. 7) . Note that the kaolinite formation is possible under acidic conditions. Indeed Yang and Steefel [18] have been studied kaolinite formation at pH 4 and low temperature (i.e. 22 °C). In contrast, modelling results indicate the precipitation of illite at pH > 5. 
Conclusions
The results obtained with MARTHE-PHREEQC and MARTHE-REACT are very similar demonstrating then the robustness of the codes. In regards to the geothermal production, whatever the reservoir considered, it appears that the continuous injection of cooled down and acidified formation water (1 M of CO 2 ) does not cause a decline of the production temperature. The design of the geothermal device is a priori efficient. Nevertheless, it induces a strong acidification of the pore-water. The pH decline is particularly significant for the clastic reservoir, because the buffer capacity of its mineral is less important than those of the carbonated reservoir.
It appears that the continuous injection of dissolved CO 2 during 30 years induces a massive dissolution of carbonates (calcite and/or dolomite) around the injection wells. Carbonate alteration impacts the porosity. The porosity of the carbonated reservoir is significantly enhanced around the injection well and slightly increased around the production well after 30 years of injection. However, despite this reactivity, risk assessment study show negligible effects due to dissolution on surface subsidence and horizontal surface strain due to the great depth of the reservoir [19] . Regarding the clastic reservoir, the porosity increases slightly around the injection and production wells. Nonetheless, the impact on the porosity is lower for the clastic reservoir than for the carbonate due to its weaker carbonate content (5% against 97.5% for the carbonated aquifer). All the simulation results corroborate the expected great reactivity of the carbonated reservoir under the injection of CO 2 -rich brine that was observed experimentally [20] .
Moreover, it can be observed that the injection of dissolved CO 2 into the clastic reservoir could also induce a very slight dissolution of quartz and K-feldspar initially present in the reservoir. Illite and kaolinite, considered as secondary phases, precipitated. Nonetheless, taking into account precipitated volumes, these reactions do not impact the porosity of the reservoir. As any C(4) bearing phases precipitate, the injected CO 2 remains stored in the aqueous phase. Therefore, CO 2 reactivity does not have a significant impact on the CO 2 mass balance at the site scale when compared with the non-reactive simulations carried out previously by Hamm and co-workers [21] .
